The efficiency of pollution removal from municipal sewage in two vertical flow constructed wetlands consisting of gravel filters with surface area 4 x 5 m, depth 60 cm, covered by reed was evaluated over a period of two years. The flow of wastewater was about 50 mm per day. Wastewater underwent only mechanical treatment before reed bed B, but reed bed A was supplied with wastewater after biological treatment with activated sludge. Sewage was sampled before and after filtration every IO days. Measurements were made of sewage supply and discharge, precipitation and wastewater temperatures. The main indicator of efficiency was the elimination of suspended solids, carbon, nitrogen and phosphorus from the wastewater during filtration. The elimination of the pollution load was 2-25 g per square meter per day for the BOD 5 and 0--3.5 g per square meter per day for total nitrogen. Rates of pollution removal were between 2 and 4 times as high in bed B as in bed A. The rate ofBOD 5 removal and the coefficient k for BOD5 were strongly dependent on temperature for reed bed B; less so far for bed A. The difference between summer and winter indicates that the surface area of constructed wetland B should be 3 times bigger during winter to obtain the summer rate ofBOD 5 pollution removal in the climatic conditions ofNorth Poland (54a° N).
Figure 1. Construction of the vertical reed bed
The vertical walls of the beds were made of timber. The bottom and sides were covered by a geotextile plastic sheet 1.5 mm thick to avoid any lateral flow or loss of wastewater into the surrounding soil. A system of drainage pipes at the bottom of the bed on the surface of the plastic sheet collects treated wastewater. These pi pe s were also connected with vertical pipes ending above the bed to allow ventilation of the lower gravel layers. The total mass of each bed was over 40 tonnes of selected coarse sand, fine gravel and coarse gravel with stones. The surface of the bed was vegetated by reeds (Phragmites australis), planted as rhizome cuttings. The supply of wastewater to these beds was taken from the treatment line of the main WWTP and, after passing by a combination of gravity and pump to the beds, returned to the plant. Reed bed A was supplied with wastewater from the secondary settler after biological treatment in an activated sludge aeration tank. Reed bed B was supplied with raw sewage, which had undergone only a primary treatment for the removal of larger particles and suspended solids. Inflow and outflow of wastewater was under automatic control, designed for the two beds separately, and included several security devices, protecting the system against possible failures. Two pumps bringing wastewater into the reed beds were connected with multifunctional control panels not only to switch the pumps on and off, but to monitor the duration of work of each pump and power supply. Because the capacity of each pump was constant, the duration of work was proportional to the amount of wastewater supplied, which was monitored by a flow meter. The pumps removing wastewater after treatment were under automatic control of float switches in the drainage containers (Mienejewski, 1999). After irrigation the beds drain freely, allowing air to refill the bed. The next dose traps the air and this, together with the aeration caused by the rapid dosing onto the beds, leads to good oxygen transfer and hence the ability to nitrify.
MATERIALS AND METHODS RELATED TO WASTEWATER MEASUREMENT
Wastewater was irrigated into the reed beds in pulses 3 times per day (every 8 hours). The hydraulic loading rate was taken to be 16. 7 mm every 8 hours, giving a daily intensity of 
irrigation equal to 50 mm d-1 , I m 3 per day in each bed. Despite the constant hydraulic load it was noted that the concentration of different pollutants in the wastewater was changing greatly overttime. Based on BODs of the wastewater entering reed bed A (after mechanical and biological treatment), the pollution loading rates R (see Appendix;
Eqn. 17) were found to vary from 2.5 2 g m -2 d-1 to 15 g m -2 d-1 • For a bed with a surface area of 20 mt, these were loads that would originate from 0.7 to 5 Person Equivalents (PE). For reed bed B (irrigated by the wastewater after mechanical treatment in the settler), the load rates were between 6.3 and 26.5 g m-2 d-1 , equivalent to 2.1 to 8.8 PE. Hence the loads of reed bed B were substantially higher than those of reed bed A.
Monitoring was started in November 1996 after an initial period of one year following propagation of reed and preparation of the beds, and continued until August 1998. Wastewater samples were taken from the settlers of the wastewater treatment plant in the vicinity of the inlets to the pipes connected to the supply pumps, just before the pump started to work. Wastewater samples after treatment was taken from the collecting containers about 15 minutes after the beginning of irrigation. Automatic sampling was performed every IO days for a period of2 years. As the irrigation occurred 3 times a day, sampling coincided with only one of 30 pulses of irrigation. It is important to stress that beds were equipped with both inlet and outlet flow meters to determine a balance of water entering and emerging. Average rates of precipitation at the site (measured as about 600 mm per year) and evapotranspiration (determined by difference) were much lower than the 50 mm d-1 of irrigation. The soil temperature of the reed beds at 0.00, 0.15 and 0.60 m depth was measured on each sampling occasion. Temperature of the waste water (input and output) was measured and the values of outflow temperatures were used to relate to performance of the bed. Air temperature at the level of 2 m above the ground varied between -8t° C and + 2t° C during winter, but at a depth of 15 cm the soil temperature remained at approximately + 1 ° C, and at a depth of 60 cm the temperature was +2t° C. Water chemistry analysis was carried out in the laboratory of the Polytechnical University of Gdansk. The following parameters were monitored separately for reed beds A and B: BODs; Suspended solids; Ammonia (NH/); Nitrite (NO 2 1; Nitrate (NO 3 1; Organic nitrogen;
Kjeldahl nitrogen (sum of organic and ammonia nitrogen), total nitrogen (sum of Kjeldahl nitrogen, nitrite and nitrate nitrogen), total phosphorus; and Orthophosphate (P0/1. Samples of wastewater were measured according to Polish Standards, which are similar to international regulations. J and total nitrogen (N) in the influent and effluent of the wetlands are shown in Figs. 2-3, � and 7-8 . , entering reed bed A, ranged froml2 to 125 mg dm-3 and the efficiency of  suspended solids removal ranged from 28.5 to 94.8%, the mean value being 76.6% . The rate of removal of BOD 5 was higher for higher temperatures, the linear regression relationship being highly significant for reed bed B, but only marginally so far for A ( Fig. 9) . In winter the wastewater temperatures were never below 8-10a° C ( even during frosty days) and in summer were in the range 20-22a° C. At higher temperatures, reed bed B (wastewater after mechanical treatment) was eliminating almost two times more BOD 5 than reed bed A (wastewater after mechanical and biological treatment) and the removal rates were much more variable than in winter (Fig. 9 ). In the case of total nitrogen removal, in neither bed A nor B was there any apparent relationship with temperature (Fig. l 0) . The strongest temperature effect could be seen with k(BOD 5 ) in reed bed B (Fig. 4) .
EESULTS ON POLLUTION AND NUTRIENT REMOVAL RATES

Concentrations of BODs, ammonia nitrogen (NRi
Suspended solids were eliminated very efficiently in both reed beds. The concentration of suspended solids fa the wastewater after mechanical treatment entering bed B ranged from 64 to 577 mg dm-3 • Despite the variability in the raw wastewater, the efficiency of elimination of suspended solids TJ (see Appendix; Eqn. 20) ranged from 63.9 to 94.3% with a mean value of 79.3%. The concentration of suspended solids in wastewater supplied after mechanical and biological treatment
The systems were able to cope with large fluctuations in inflow BODs levels. Despite a great variability of input values, relatively stable values of efficiency over time were recorded. In
CONCLUSIONS
Both reed beds show high efficiency at eliminating suspended solids, BOD 5 , organic and ammonia nitrogen. Elimination of nitrogen pollution stabilised after one year of operation of the reed beds. The vertical flow reed bed was not efficient for removal of phosphorus. Process modelling of constructed wetlands is established to a point where mathematical relationships are now available for estimating a system's ability to remove major pollutants (see Appendix).
